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Abstract
Background: In developing countries, children with hemophilia A (HA) with high-titer 
inhibitor and poor immune tolerance induction (ITI) prognostic risk(s) cannot afford 
the recommended high- or intermediate-dose ITI.
Objectives: To determine the efficacy of low-dose ITI (plasma-derived factor VIII 
[FVIII]/von Willebrand factor at 50 FVIII IU/kg every other day) by itself (ITI-alone) 
or combined with immunosuppressants rituximab and prednisone (ITI-IS) in children 
with HA with high-titer inhibitor.
Methods: All enrolled patients had pre-ITI inhibitor ≥10 BU. We used ITI-alone if in-
hibitor titer was <40 BU pre-ITI and during ITI, and ITI-IS if titer was ≥100 BU (historic) 
or ≥40 BU (pre- or during ITI) or if the patient was nonresponsive on ITI-alone.
Results: Fifty-six children were analyzable, with median historic peak inhibitor titer 
48.0 BU and followed for median 31.4 months. Overall, 35 (62.5%) achieved phase 2 
success with negative inhibitor and normal FVIII recovery. The phase 2 success rate 
was 95% for the 20 patients receiving ITI-alone. For the 36 patients receiving ITI-IS, 
the phase 2 success rate was 44.4%, but would increase to 63.6% if the 14 patients 
with historic peak inhibitor titer ≥100 BU (and having phase 2 success rate of only 
14.3%) were excluded. One patient developed repeated infection after IS treatment. 

www.wileyonlinelibrary.com/journal/rth2
https://orcid.org/0000-0002-1421-4590
https://orcid.org/0000-0002-5273-145X
https://orcid.org/0000-0003-1641-1472
mailto:﻿
https://orcid.org/0000-0003-4030-209X
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:runhuiwu@hotmail.com


2 of 11  |     LI et al.

Essentials

•	 High-titer inhibitor with poor risk tends to be treated with high- or intermediate-dose immune tolerance induction (ITI).
•	 Cost is a limiting factor, allowing only low-dose ITI, which shows poor efficacy in poor-risk patients.
•	 Low-dose ITI-alone or with the immunosuppressant strategy we reported gave a >60% normal factor VIII recovery rate.
•	 This strategy reducing cost by 74% to 90% is feasible in economic constraint areas in the world.

1  |  INTRODUC TION

Neutralizing antibodies (inhibitors) against factor VIII (FVIII) develop 
in approximately 30% of previously untreated patients with severe 
hemophilia A (SHA) exposed to FVIII, with the highest-risk period 
within the first 20 exposure days.1 About 20% of children with SHA 
will have a high-titer inhibitor and are in need of eradication treat-
ment.2,3 Inhibitors render FVIII replacement therapy ineffective, 
increasing the risk of morbidity and mortality. Immune tolerance in-
duction (ITI) with repeated administration of FVIII is recommended 
as the only method for inhibitor eradication and would achieve 60% 
to 80% overall success rates.4,5

Not all ITI regimens are equally efficacious in all patients with 
inhibitors. Although the International ITI (I-ITI) study showed that 
high-dose and low-dose ITI regimens had similar tolerization rates 
in patients with high-titer inhibitors, those on the low-dose regimen 
took longer for tolerization and had a higher bleeding rate.6 Their 
studied patients all had good ITI prognostic risk as ITI was not 
started until the inhibitor titer had fallen to <10  BU.6 Clinicians 
tend to use high-  and intermediate-dose ITI regimen for patients 
with high-titer inhibitor with poor ITI prognostic risk(s),7-9 and use 
low-dose ITI regimens for patients with low-titer inhibitor without 
poor ITI prognostic risk.10,11 Indeed, in patients with high-titer inhib-
itors and poor ITI prognostic risk(s), the success rate of low-dose ITI 
was only 26.3% to 33.0%.12,13 Some studies, however, showed von 
Willebrand factor (VWF)-containing plasma-derived FVIII (pdFVIII/
VWF) concentrates (instead of recombinant FVIII [rFVIII] products) 
would improve the ITI success rate.7,14,15 This observation was also 
supported by an animal study suggesting that VWF attenuates FVIII 
memory immune response in HA mice.16 Addition of immunosup-
pressant (IS) agents to ITI regimens has also been shown to improve 

the inhibitor eradication efficiency in 50% to 75% of patients who 
failed ITI previously.17,18

As one of the developing countries with economic constraints, 
high-  and intermediate-dose ITI are unaffordable in China. We de-
veloped a low-dose ITI strategy using pdFVIII/VWF (at lower cost 
than that of recombinant products) for children with high-titer in-
hibitor, adding IS for those patients with additional predefined 
poor ITI-prognostic risk(s) (see Section 2.2). In a pilot study, we saw 
promising results of low-dose ITI.18 The aim of this study was to 
demonstrate effectiveness of low-dose ITI in a large prospective co-
hort of patients.

2  |  MATERIAL AND METHODS

2.1  |  Study design and participants

This single-center prospective cohort study (ClinicalTrials.gov: 
NCT03598725) was conducted at the Beijing Children’s Hospital (BCH) 
Hemophilia Comprehensive Care Center in China. This study was ap-
proved by the ethics review board of BCH. Informed consent was ob-
tained from one parent or a legal guardian of each enrolled child.

A total of 74 participants meeting the eligibility criteria were 
enrolled consecutively. The eligibility criteria included boys under 
14 years of age with severe or moderate HA (FVIII < 0.05 IU/mL), 
and inhibitor titer ≥10 BU at the start of ITI. Exclusion criteria in-
cluded prior inhibitor eradication attempts, use of IS to treat other 
disease(s), or failure to provide informed consent.

Our center developed the treatment regimen and performed the 
regular follow-up as well as inhibitor testing/monitoring. The chil-
dren carried out the treatment in the local medical units or by home 

Relapse occurred in 11.4% (4/35) patients with phase 2 success associated with rapid 
ITI dose reduction or irregular post-ITI FVIII prophylaxis. Our strategy reduced the 
cost from high-dose ITI by 74% to 90%.
Conclusion: The use of low-dose ITI with or without immunosuppressants according 
to ITI prognostic risk(s) is a clinically and economically feasible strategy for eradicating 
inhibitors in children with HA, particularly for those with historic peak inhibitor titer 
<100 BU.

K E Y W O R D S
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infusion. Enrollment was between September 2016 and August 
2019. Data analysis was performed in February 2021.

2.2  |  Treatment regimens

All patients received domestic intermediate-purity pdFVIII/VWF 
products from various Chinese manufacturers as available at local 
hospitals at 50 FVIII IU/kg every other day (low-dose ITI-alone regi-
men). None of the patients required a central venous catheter. IS 
(rituximab and prednisone) was added (low-dose ITI-IS regimen) in 
patients with additional predefined poor ITI prognostic risk(s) as fol-
lows: (i) ITI-IS was used up front, in patients with historic peak inhibitor 
titer ≥100 BU19 and/or inhibitor titer ≥40 BU at ITI initiation20; and (ii) 
patients on ITI alone were switched to ITI-IS if the inhibitor titer dur-
ing ITI increased to ≥40 BU20 or if the inhibitor decline during ITI was 
<20% over the first 3 months after initial peak inhibitor titer during ITI.

Rituximab dosage was 375 mg/m2 (maximum 600 mg) weekly for 
4 weeks. Prednisone dosage was 2 mg/kg (maximum 60 mg) daily for 
1 month, then tapered over 3 months. Intravenous immunoglobulin 
(IVIG) replacement therapy (200 mg/kg monthly for 6 months) was 
given to patients receiving rituximab for infection prophylaxis. Once 
the patient had achieved negative inhibitor plus normal FVIII recov-
ery (phase 2 success, per definition in section 2.3), the FVIII dose 
would be reduced slowly to ≤30 IU/kg two to three times a week for 
continuing prophylaxis.

Records of bleeding episodes were collected from the patient’s 
bleed diary at each clinical visit. Breakthrough bleedings during ITI 
when the inhibitor titer was ≥2 BU were treated with domestically 
manufactured nonactivated prothrombin complex concentrate 
(PCC) at 50 IU/kg every 8 to 12 hours or recombinant activated fac-
tor VII (rFVIIa) at 90 μg/kg every 4 to 6 hours.21 Nondomestic PCC 
and activated PCC are not licensed in China. pdFVIII/VWF (50  IU 
FVIII/kg) was used effectively when the inhibitor titer had low-
ered to <2 BU. PCC prophylaxis (40–50 IU/kg every other day) was 
used for inhibitor patients who ever had episode(s) of life-threatening 
bleeding.

2.3  |  Definitions of ITI outcomes

1.	 Success (based on response phases, as adapted from the in-
ternational ITI study)6:
a.	 Phase 1 success: achieving inhibitor elimination (to inhibitor 

titer <0.6 BU at two consecutive visits >1 week apart).
b.	 Phase 2 success: achieving (a) plus normal FVIII recovery (≥66% 
of expected) >1 month after achieving phase 1 success.

c.	 Phase 3 success: achieving (b) plus normal FVIII half-life 
(≥6 hours) >1 month after achieving phase 2 success, that is, 
tolerization.

2.	 Failure
a.	 Patients on any ITI regimen not achieving phase 1 success at 

the time of data analysis.

b.	 In patients taking ITI-IS, if at 6 months after starting rituximab, 
the inhibitor titer had not declined by at least 20% or if the 
absolute inhibitor titer remained ≥100 BU.

3.	 Relapse: recurrence of inhibitor titer ≥1.0 BU after achieving any 
of the success phases.

2.4  |  Coagulation assay

FVIII clotting activity was determined using a one-stage clotting 
assay. The titer of the inhibitor was measured using Nijmegen modi-
fication Bethesda titer assay.22 During ITI, inhibitor titer was initially 
monitored every 1 to 2  weeks until a downward trend was evi-
dent after the initial peak from early repeated FVIII exposure, then 
monthly until normal recovery was achieved, and thereafter every 
3 monthly.

FVIII recovery was estimated after injection of a single dose of 
pdFVIII/VWF (50 FVIII IU/kg) given after a 48 to 72 hours washout 
period. The FVIII half-life was calculated based on the method de-
scribed by Bjorkman et al23 infusing pdFVIII/VWF (50 FVIII  IU/kg) 
after a 72 hours washout period, followed by recording FVIII coag-
ulation activity at 15 to 30 minutes and 1, 9, 24, and 48 hours after 
infusion.

All clotting factor and inhibitor assays including those for recov-
ery and half-life studies were performed on samples obtained at the 
study center. We did not use samples transported from local centers 
because of specimen quality concerns.

2.5  |  Statistics

Categorical variables, expressed as frequencies and percentage val-
ues, were compared by chi-square or Fisher’s exact test. Continuous 
variables, expressed as median values and ranges, were compared 
by the Student’s t test (for normal distribution) or the Mann-Whitney 
U test (for nonnormal distribution). Kaplan-Meier curves were com-
pared with log-rank test. The reported P value are two-sided and 
value <.05 were considered to be statistically significant. All statisti-
cal analyses were performed using SPSS, version 22.0 (IBM Corp., 
Armonk, NY, USA).

3  |  RESULTS

3.1  |  Characteristics of patients

A total of 74 patients were screened for enrollment eligibility. Of 
these, a total of 18 were excluded/withdrawn (7 declined ITI and 11 
unable to follow the ITI protocol or were lost to follow-up during ITI) 
causing an exclusion/dropout rate of 24.3% (Figure 1). Data from 56 
patients who completed the study and followed for a median 31.4 
(range, 18.6-53.3) months were analyzable. Their median age at ITI 
initiation was 4.0 (range, 0.8-13.2) years, and their median historic 
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F I G U R E  1 Flowchart of patients enrolled in the study. *INH decreased <20% over the first 3 months after initial peak inhibitor titer 
during ITI. INH, inhibitor; ITI, immune tolerance induction; IS, immunosuppressants
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peak inhibitors titer was 48.0 (range, 10.1-416.0) BU. F8 mutations 
are available in 53 patients, being null mutation (intron 22 or 1 in-
versions, large deletions, frameshift, nonsense, conserved splicing 
site mutation)24 in 48 (90.5%) patients, nonnull mutations (missense, 
nonconserved splicing mutations)24 in 3 (5.7%) patients, and not de-
tectable in 2 (3.8%) patients (Table 1).

3.2  |  ITI outcome

3.2.1  |  Overall cohort

At the analysis time point, 38 of 56 (67.9%) patients achieved phase 1 
success in median 9.4 (range, 2.1-25.1) months, 35 (62.5%) achieved 
phase 2 success in median 11.5 (range, 3.5-29.9) months (Table 2).

Of the 35 patients who achieved phase 2 success (19 on ITI alone, 
16 on ITI-IS), 24 declined FVIII half-life testing, which required 6 
blood samples over 48 hours. Of the 11 (6 on ITI alone, 5 on ITI-IS) 
tested, all had normal FVIII half-life (median, 7.8 hours) in median 16.1 
(range, 6.2-40.2) months. This gave an “apparent” total phase 3 suc-
cess rate of only 19.6% (11/56). However, we anticipate that the “real” 
overall phase 3 success rate to be rather higher had the remaining 24 
patients in phase 2 success also had a FVIII half-life study done.

3.2.2  |  “ITI-alone” throughout group

Twenty patients received “ITI-alone” throughout. Nineteen (95%) 
achieved phase 1 success at median 6.9 (range, 2.7-24.3) months, 
and all 20 achieved phase 2 success at median 9.4 (range, 4.1-25.8) 
months. Six patients had FVIII half-life performed, and all achieved 
phase 3 success (Table 2).

3.2.3  |  Patients receiving low-dose “ITI-IS” (ITI-IS 
group)

Thirty-six of 56 (64.3%) patients received an ITI-IS regimen (either 
up front or switched from ITI-alone), 16 of 36 (44.4%) achieved 
phase 2 success in median 13.6 (range, 3.5-29.9) months.

ITI-IS up front subgroup
Twenty-four of 36 (66.7%) patients received ITI-IS up front either 
for having historic peak inhibitors ≥100 BU (n = 14), or for pre-ITI 
inhibitor titer ≥40  BU (n =  10). Of these 24 patients, 11 (45.8%) 
achieved phase 1 success in median 10.0 (range, 2.1-11.0) months 
and 8 (33.3%) achieved phase 2 success in median 13.6 (range, 3.5-
13.6) months. Three phase 2 success patients had FVIII half-life per-
formed and all achieved phase 3 success.

ITI-IS switched from ITI-alone subgroup
Twelve of 36 (33.3%) patients were switched from ITI-alone to ITI-IS 
during ITI, 9 (75%) for having a peak inhibitor titer ≥40 BU during ITI 

and in 3 (25%) because the inhibitor titer failed to decline by >20% 
over the first 3  months after initial peak inhibitor titer during ITI 
(Figure 1). Eight (67%) patients achieved phase 1 success at median 
9.7 (range, 5.1-25.1) months, all also achieved phase 2 success in me-
dian 11.9 (range, 6.9-29.9) months (Table 2).

Influence of high historic inhibitor titer (≥100 BU) on ITI success rate
The success rate of the 14 patients with a historic peak inhibitor 
titer ≥100 BU (all treated with ITI-IS) was very low; only 4 (28.6%) 
achieved phase 1 success, and 2 (14.3%) achieved phase 2 suc-
cess. If these 14 patients were removed from the ITI-IS treatment 
group, the phase 2 success rates would be increased from 62.5% 
(35/56) to 78.6% (33/42) for the entire study cohort, from 44.4% 
(16/36) to 63.6% (14/22) for the ITI-IS group, and from 33.3% 
(8/24) to 60% (6/10) for the ITI-IS up front patient subgroup.

3.2.4  |  Outcome comparison between ITI 
treatment groups

The three treatment groups (ITI-alone throughout, ITI-IS up front, 
ITI-IS switched groups) had significant different rates (P < .001) and 
time (P = .03) to phase 2 success (Table 2). Patients receiving ITI-IS 
up front took a longer time to phase 2 success than those receiv-
ing ITI alone throughout (P = .02) and those switched to ITI-IS mid-
course during ITI (P = .09) (Figure 2).

3.3  |  Treated-breakthrough bleedings and 
adverse events

A total of 206 treated breakthrough bleeding episodes were re-
corded in 48 of 56 (85.7%) patients during ITI. The median treated 
bleeding rate in time per month was 0.33 (range, 0-1.86) during 
ITI compared to 0.67 (range, 0-5.33) before ITI, representing a 
significant reduction of 72.9% (P = .002). Among the 18 patients 
who failed ITI, the median treated bleeding rate during ITI was 
higher, at 0.53 (range, 0.09-1.86) time/month, not significantly 
different from the median 0.71 (range, 0.08-2.08) time/month 
before ITI.

Rituximab infusion-related side effects like rash and nausea, 
which could be resolved and subsequently prevented by antihista-
mine drugs, were reported in 10 of 36 (27.8%) patients in the ITI-IS 
group. Only a 1-year-old patient developed severe infection mani-
fested as continuous cough, fever, and diarrhea from the third day 
to the eighth week following the first dose of rituximab, requiring 
treatment with cephalosporin antibiotics.

3.4  |  Relapse

Overall, 7 of the 38 patients (18.4%) who had achieved at least phase 
1 success relapsed. These included all 3 who had phase 1 success 
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only, and 4 of 35 (11.4%) who achieved at least phase 2 success (in-
cluding 2 of the 11 [18.2%] in phase 3 success).

3.4.1  |  For the patients who achieved only phase 
1 success

Three children in the “ITI-IS up front” subgroup relapsed, with their 
inhibitor titer increasing to 1.0 to 2.0 BU. One relapsed at 11 months 
into the post-ITI FVIII prophylaxis phase while infusing FVIII irregu-
larly. He reestablished phase 1 success upon strict adherence to the 
FVIII prophylaxis regimen. The other two relapsed 6 months after 
completing ITI-IS. Each was given one additional rituximab dose 
(375 mg/m2). One achieved phase 2 success again, while the other 

continued to have low-titer inhibitor over 10.4 months at the time 
of data analysis.

3.4.2  |  For the patients achieving at least phase 
2 success

Following at least phase 2 success, while in the FVIII prophylaxis 
phase, relapse occurred in 3 of the 19 children in the ITI-alone group 
(respectively, at 2.3, 4.2, and 7.9 months after phase 2 success) and 
1 of 16 in the ITI-IS group (at 36.6 months after phase 2 success). 
These 4 relapses included 2 of the 6 children already in phase 3 suc-
cess following treatment with ITI-alone. One of the four relapses 
were attributed to taking FVIII irregularly, two when FVIII dose was 

TA B L E  1 Demographics and clinical characteristics of the 56 evaluable children with hemophilia A with high-titer inhibitors treated with 
low-dose ITI-alone throughout or ITI-IS regimens

Group All patients
ITI-alone throughout 
group

ITI-IS group

ITI-IS up front 
subgroup

ITI-IS switched from 
ITI-alone subgroup

N (%) 56 (100.0) 20 (35.7) 24 (42.9) 12 (21.4)

Hemophilia A severity, n (%)

Severe 51 (91.1) 19 (95.0) 22 (91.7) 10 (83.3)

Moderate 5 (8.9) 1 (5.0) 2 (8.3) 2 (16.7)

Number of patients tested F8 mutations, n (%) 53 20 23 10

Null mutation* 48 (90.5) 16 (80.0) 23 (100) 9 (90.0)

Nonnull mutation** 3 (5.7) 2 (10.0) 0 1 (10.0)

No mutation detectable 2 (3.8) 2 (10.0) 0 0

Estimated exposure days at inhibitor diagnosis, 
median (range, IQR)

28.0 (5.0-200.0, 
15.0-50.0)

30.0 (10.0-117.0, 
18.0-50.0)

22.5 (5.0-200.0, 
11.8–46.0)

24.5 (8.0-200.0, 
16.5-53.8)

Age at inhibitor diagnosis, yr, median (range, IQR) 2.5 (0.5-11.0, 
1.3-5.3)

2.9 (0.6-7.9, 1.7-5.4) 1.9 (0.5-11.0, 
1.1-5.3)

2.7 (1.2-9.1, 2.1-5.3)

Age at ITI initiation, yr, median (range, IQR) 4.0 (0.8-13.2, 
2.5–6.7)

3.8 (0.8-13.2, 2.4-7.2) 4.6 (0.8-12.1, 
1.9-6.7)

3.7 (2.2-11.9, 2.7-7.5)

Time interval between inhibitor diagnosis and ITI 
initiation, mo, median (range, IQR)

11.6 (0-75.0, 
1.0-29.5)

6.5 (0-75.0, 0.4-30.3) 14.0 (0-56.0, 
1.3-31.8)

5.0 (0-61.0, 2.6-20.8)

Historic peak inhibitor, BU, median (range, IQR) 48.0 (10.1-416.0, 
23.1-98.4)

23.8 (10.1-75.0, 
17.2-37.3)

101.3 (47.4-
416.0, 
71.5-208.0)

29.7 (15.7-64.0, 
21.5-37.8)

Pre-ITI inhibitor titer, BU, median (range, IQR) 30.1 (10.1-416.0, 
16.8-63.5)

16.0 (10.1-33.8, 
10.9-23.2)

73.1 (25.3-416.0, 
48.2-193.0)

21.6 (10.3-35.8, 
16.2-31.9)

Peak inhibitor during ITI, BU, median (range, IQR) 49.3 (6.0-665.0, 
15.2-126.3)

10.9 (6.0-38.1, 
8.2-17.2)

125.8 (18.4-
665.0, 
76.8-258.6)

60.8 (27.8-275.2, 
39.7-109.0)

Monthly bleeding rate

Pre-ITI, median (range, IQR) 0.67 (0-5.33, 
0.42-1.42)

0.67 (0.25-5.33, 
0.44-1.46)

0.75 (0.10-2.50, 
0.46-1.00)

0.88 (0-5.00, 
0.21-2.88)

During ITI, median (range, IQR) 0.33 (0-1.86, 
0.13-0.52)

0.32 (0-1.50, 
0.08-0.43)

0.48 (0-1.86, 
0.22-0.75)

0.21 (0-0.66, 
0.08-0.47)

Note: p-value: comparison between ITI-alone vs ITI-IS.
Abbreviations: BU, Bethesda Unit; IQR, Inter-Quartile Range; IS, immunosuppressants; ITI, immune tolerance induction.
*Intron 22 or 1 inversions, large deletions, frameshift, nonsense, and conserved splicing mutations.; **Missense, nonconserved splicing mutations.



    |  7 of 11LI et al.

TA
B

LE
 2
 
O
ut
co
m
es
 u
si
ng
 th
e 
lo
w
-d
os
e 
IT
I w
ith
 o
r w
ith
ou
t I
S 
st
ra
te
gy
 a
cc
or
di
ng
 IT
I-p
ro
gn
os
tic
 ri
sk
 fa
ct
or
s

G
ro

up
A

ll 
pa

tie
nt

s 
(N

 =
 5

6)

(a
) I

TI
-a

lo
ne

 
th

ro
ug

ho
ut

 
(N

 =
 2

0)

IT
I-

IS
 (N

 =
 3

6)

p-
va

lu
e 

[b
et

w
ee

n 
gr

ou
ps

 (a
) 

an
d 

(b
)]

(b
) A

ll 
IT

I-
IS

 
pa

tie
nt

s (
N

 =
 3

6)

(b
1)

 IT
I-

IS
 u

p 
fr

on
t s

ub
gr

ou
p 

(N
 =

 2
4)

(b
2)

 IT
I-

IS
 s

w
itc

he
d 

fr
om

 IT
I-a

lo
ne

 
su

bg
ro

up
 (N

 =
 1

2)

H
is

to
ric

 p
ea

k 
in

hi
bi

to
r ≥

10
0 

BU
 

(n
 =

 1
4)

In
hi

bi
to

r a
t I

TI
 

in
iti

at
io

n 
≥4

0 
BU

 
(n

 =
 1

0)

Po
or

 re
sp

on
se

 to
 

IT
I-a

lo
ne

 re
gi

m
en

 
(n

 =
 3

)

Pe
ak

 in
hi

bi
to

r 
du

rin
g 

IT
I ≥

40
 B

U
 

(n
 =

 9
)

A
ch
ie
vi
ng
 n
eg
at
iv
e 
in
hi
bi
to
r 

(p
ha
se
 1
 s
uc
ce
ss
), 
n 
(%
 o
f 

gr
ou
p 
to
ta
l)

38
 (6
7.
9)

19
 (9
5.
0)

19
 (5
2.
8)

4 
(2
8.
6)

7 
(7
0.
0)

2 
(6
6.
7)

6 
(6
6.
7)

0.
00

2

Ti
m

e 
to

 n
eg

at
iv

e 
in

hi
bi

to
r, 

m
o,
 m
ed
ia
n 
(ra
ng
e)
**
*

9.
4 
(2
.1
-2
5.
1)

6.
9 
(2
.7
-2
4.
3)

10
.0
 (2
.1
-2
5.
1)

-
9.
9 
(2
.1
-1
1.
0)

9.
7 
(6
.7
-9
.7
)

9.
3 
(5
.1
-2
5.
1)

0.
10

4

Re
la

ps
e 

in
 p

ha
se

 1
 s

uc
ce

ss
, 

n 
(%
)

7 
(1
8.
4)

3 
(1
5.
8)

4 
(2
1.
1)

2 
(5
0.
0)

1 
(1
4.
3)

0
1 
(1
6.
7)

0.
65

5

A
ch
ie
vi
ng
 F
V
III
 re
co
ve
ry
 ≥
66
%
 

(p
ha
se
 2
 s
uc
ce
ss
), 
n 
(%
 o
f 

gr
ou
p 
to
ta
l)

35
 (6
2.
5)

19
 (9
5.
0)

16
 (4
4.
4)

2 
(1
4.
3)

6 
(6
0.
0)

2 
(6
6.
7)

6 
(6
6.
7)

<
0.

00
1

Ti
m
e 
to
 F
V
III
 re
co
ve
ry
 ≥
66
%
, 

m
o,
 m
ed
ia
n 
(ra
ng
e)
**
*

11
.5
 (3
.5
-2
9.
9)

9.
4 
(4
.1
-2
5.
8)

13
.6
 (3
.5
-2
9.
9)

-
11
.5
 (3
.5
-1
3.
6)

11
.3
 (8
.7
-1
1.
3)

12
.3
 (6
.9
-2
9.
9)

0.
02
9

FV
III
 re
co
ve
ry
 (%
 o
f 

ex
pe
ct
ed
), 
m
ed
ia
n 
(ra
ng
e)

78
.8
 (5
4.
2-
11
2.
6)

82
.0
 (5
8.
2-
11
0.
5)

74
.0
 (5
4.
2-
11
2.
6)

73
.0
 (5
4.
2-
93
.1
)

77
.5
 (6
2.
3-
11
2.
6)

87
.0
 (7
5.
0-
98
.9
)

71
.2
 (6
8.
3-
10
2.
4)

0.
51

3

Re
la

ps
e 

in
 p

ha
se

 2
 s

uc
ce

ss
, 

n 
(%
)

4 
(1
1.
4)

3 
(1
5.
8)

1 
(6
.3
)

0
0

0
1 
(1
6.
7)

0.
49
7

FV
III
 h
al
f-
lif
e 
≥6
 h
 (p
ha
se
 3
 

su
cc

es
s*
* ),
 n
 (%
 o
f g
ro
up
 

to
ta
l)

11
 (1
9.
6*
)

6 
(3

0.
0*
)

5 
(1
3.
9*
)

1 
(7
.1
* )

2 
(2

0.
0*
)

1 
(3

3.
3*
)

1 
(1

1.
1*
)

-

Ti
m
e 
to
 F
V
III
 h
al
f-
lif
e 
≥6
 h
, 

m
o,
 m
ed
ia
n 
(ra
ng
e)
**
*

16
.1
 (6
.2
-4
0.
2)

17
.0
 (6
.4
-4
0.
2)

11
.1
 (6
.2
-2
7.
9)

11
.1

6.
2 
(6
.2
-7
.9
)

27
.8

16
.1

-

FV
III
 h
al
f-
lif
e,
 h
, m
ed
ia
n 

(ra
ng
e)

7.
8 
(6
.3
-1
5.
5)

9.
9 
(6
.5
-1
5.
5)

7.
8 
(6
.3
-1
1.
0)

7.
0

7.
0 
(6
.3
-7
.8
)

11
.0

7.
8

-

Re
la

ps
e 

in
 p

ha
se

 3
 s

uc
ce

ss
, 

n 
(%
)

2 
(1
8.
2)

2 
(3
3.
3)

0
0

0
0

0
-

Fa
ilu
re
, n
 (%
)

18
 (3
2.
1)

1 
(5
.0
)

17
 (4
7.
2)

10
 (7
1.
4)

3 
(3
0.
0)

1 
(3
3.
3)

3 
(3
3.
3)

-

A
bb
re
vi
at
io
ns
: F
V
III
, f
ac
to
r V
III
; I
Q
R,
 In
te
r-
Q
ua
rt
ile
 R
an
ge
; I
S,
 im
m
un
os
up
pr
es
sa
nt
s;
 IT
I, 
im
m
un
e 
to
le
ra
nc
e 
in
du
ct
io
n.

*A
pp
ar
en
t r
at
e 
ba
se
d 
on
ly
 o
n 
a 
to
ta
l o
f 1
1 
ch
ild
re
n 
w
ith
 n
or
m
al
 F
V
III
 re
co
ve
ry
 (p
ha
se
 2
 s
uc
ce
ss
) c
on
se
nt
in
g 
to
 F
V
III
 h
al
f-
lif
e 
st
ud
y 
(6
 in
 th
e 
IT
I-a
lo
ne
 th
ro
ug
ho
ut
 g
ro
up
 a
nd
 5
 in
 th
e 
IT
I-
IS
 g
ro
up
). 
Th
e 
tr
ue
 

ra
te
 is
 n
ot
 a
va
ila
bl
e 
si
nc
e 
24
 o
th
er
 p
at
ie
nt
s 
(1
3 
in
 th
e 
IT
I-a
lo
ne
 th
ro
ug
ho
ut
 g
ro
up
 a
nd
 1
1 
in
 th
e 
IT
I-
IS
 g
ro
up
) w
ho
 a
ch
ie
ve
d 
no
rm
al
 F
V
III
 re
co
ve
ry
 d
id
 n
ot
 c
on
se
nt
 to
 h
av
e 
FV
III
 h
al
f-
lif
e 
te
st
in
g.
; *
*I
n 
th
is
 

st
ud

y,
 p

ha
se

 1
 s

uc
ce

ss
 =

 w
he

n 
in

hi
bi

to
r b

ec
om

es
 <
0.
6 
BU
; p
ha
se
 2
 s
uc
ce
ss
 =
 w
he
n 
FV
III
 re
co
ve
ry
 re
ac
he
d 
≥6
6%
 e
xp
ec
te
d;
 p
ha
se
 3
 s
uc
ce
ss
 =
 w
he
n 
FV
III
 h
al
f-
lif
e 
re
ac
he
d 
≥6
 h
.; 
**
*T
im
e 
fr
om
 s
ta
rt
 o
f I
TI
 to
 

tim
e 

of
 th

e 
re

sp
ec

tiv
e 

su
cc

es
s.



8 of 11  |     LI et al.

reduced rapidly from 50 to 30 IU/kg over a 2-month period, while 
the fourth occurred after receiving four vaccinations over a 2-week 
period. All four children reestablished phase 2 success upon repeat-
ing the original ITI regimen followed by FVIII prophylaxis.

3.5  |  Cost and consumption analysis

Average consumption cost (per kg body weight) was calculated 
based on the median number of treatment doses consumed to 
achieve phase 2 success. This included the cost of FVIII and rituxi-
mab for ITI, PCC for treatment of breakthrough bleed, and IVIG for 
infection prevention in IS patients. The average cost (per kilogram of 
body weight) was ¥19 600.2 (US$2985.1) for the ITI-alone through-
out group, and ¥29 763.7 (US$4533.0) for the ITI-IS group (Table 3). 
Among the expenditure, pdFVIII/VWF accounted for 93.8% to 
98.5% of the cost, rituximab for 3.8%, and PCC for breakthrough 
bleeding treatment for 1.5% to 1.7%. Not factored into the cost cal-
culation was prednisone (for IS, very inexpensive in China) as well 
as the rare prophylactic use of PCC (in very few patients with in-
consequential average cost spread out to the whole patient cohort). 
Compared to the expenditure for high-dose ITI,25 our cost for the 
ITI-alone group was lower by 82.8% (when using domestic pdFVIII/
VWF) to 90.5% (if using rFVIII). For the ITI-IS group, our cost was 
lower by 73.8% (when using domestic pdFVIII/VWF) to 85.5% (if 
using rFVIII) (Table 3).

4  |  DISCUSSION

In this study, we determined the efficacy of low-dose ITI when 
VWF-containing pdFVIII alone or with IS was used in Chinese chil-
dren with hemophilia A with high-titer inhibitor and having imme-
diate pre-ITI inhibitor titer ≥10 BU. Low-dose ITI-alone without IS 
was used for patients with historic peak inhibitor titer <100 BU and 
immediate pre-ITI titer of 10 to 40 BU. ITI-IS was used instead if the 

historic peak inhibitor titer was ≥100 BU and/or the immediate pre-
ITI titer ≥40 BU. Patients originally on ITI-alone would be switched 
to ITI-IS should the peak inhibitor titer during ITI rose to ≥40 BU or if 
the titer during ITI did not decline by 20% within the first 3 months 
after initial peak inhibitor titer during ITI.

Of all analyzable patients, the rate of phase 2 success (achiev-
ing negative inhibitor and normal FVIII recovery) was 62.5% (35/56). 
This was lower than the 74.2% (49/66) of patients achieving the 
equivalent phase 1/phase 2 successes in the I-ITI study.6 This may 
not be surprising given that we included patients with historic inhibi-
tor titer ≥200 BU and pre-ITI inhibitor titer ≥10 BU, both considered 
exclusion criteria in the I-ITI study.6 The median historic peak inhib-
itor titer in our patients was 48 BU as opposed to 22 BU in the I-ITI 
study. That historic peak inhibitor titer may influence the success 
rate has been previously reported.19,26 This is also evident in our own 
study, in that those with the titer ≥100 BU had poorer outcome even 
if ITI-IS was used up front. Excluding the 14 patients with historic 
peak inhibitor titer ≥100 BU would have improved the phase 2 suc-
cess rate (from 44.4% to 63.6% for patients in the ITI-IS group and 
from 62.5% to 78.6% for the whole cohort).

In our study, the median 13.6 months taken for patients having 
higher ITI prognostic risk and treated with ITI-IS to achieve phase 
2 success was similar to that for patients with lower ITI prognostic 
risk in the low-dose arm of the I-ITI study (not using IS).5 Our whole 
cohort even took slightly shorter time (11.5 months). Thus, our low-
dose ITI strategy did improve the outcome of patients with higher 
ITI-prognostic risk(s). The median time to phase 2 success using the 
ITI-IS regimen (13.6 months) was, however, longer than that using 
the ITI-alone regimen (9.4  months), reflecting the fact that those 
treated with ITI-IS had higher ITI prognostic risk.

One major limitation of this study is that only 11 of the 35 pa-
tients achieving phase 2 success consented to have FVIII half-life 
evaluation. The reality in China is that these multiple blood sampling 
over 48 hours represent an out-of-pocket cost burden to the fam-
ily with economic constraints. In addition to the test cost, many of 
our patients lived a distance away from Beijing. There was therefore 
an added cost for transportation and accommodation in Beijing (eg, 
hotel), plus up to 2 days away from work for the parent(s). The ap-
parent rate of phase 3 success (tolerization with normal FVIII half-life 
>6 hours) was therefore quite low, being 11 of 56 (19.6%). However, 
we contend that the real rate of phase 3 success would have been 
higher. All 11 patients with phase 2 success when tested had normal 
FVIII half-life, suggesting that a good proportion of the remaining 
24 phase 2 successes would likely also have a normal FVIII half-life 
if they were also tested, increasing the real rate of phase 3 success. 
Obviously, without testing, we cannot assume any of our phase 2 
success patients to have achieved immune tolerance. Another lim-
itation is the relatively high exclusion/withdrawal rate of 24.3% (18 
patients) (Figure 1). Of these 18 patients, 5 were excluded because 
they could not afford the considerable out-of-pocket cost (beyond 
medical insurance) for ITI (that included cost of concentrates/blood 
products, medications, and monitoring tests), and therefore declined 
to start, 8 were withdrawn because they had problems financing the 

F I G U R E  2 Time to phase 2 success by treatment group. Kaplan-
Meier plot shows the time to phase 2 success (FVIII recovery ≥66% 
of expected). The time to phase 2 success was significant different 
among the three treatment groups (P = 0.03). ITI, immune tolerance 
induction; IS, immunosuppressants
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ITI program continuously, leading to ITI interruption (n  =  7) or ir-
regular dosing (n  =  1). In China, medical insurance coverage rates 
vary in different regions depending on their economic development. 
Patients in economically less developed regions had problems af-
fording even low-dose ITI.

The risk of relapse following ITI success ranged between 0% 
and 12.5% according to a 2013 analysis on cohort studies and reg-
isters.27 Relapse was reported as ≈15% (15-year follow-up) in the 
North American Immune Tolerance registry,28 6.8% (9.1-year fol-
low-up) in the Grifols ITI study,29 and 13.0% (1-year follow-up) in the 
I-ITI study.6 Our cohort follow-up for a median 2.8 years, having a 
comparable overall relapse rate of 11.4% in those achieving phase 
2 success. However, our relapse rate of 18.2% in the 11 patients 
with proven phase 3 success was higher. This might likely be a con-
sequence of the limited sample size. Given that many of the phase 2 
successes would potentially have phase 3 success were they tested 
for FVIII half-life (as indicated earlier), we speculate that the overall 
relapse rate for “real” phase 3 success could be lower. Of note is 
that the relapse rate of our patients with phase 2 success on ITI-IS 
was quite low, at 6.3%, compared to that of the IS-containing regi-
mens reported from the United Kingdom (3/6 or 50%) and by Antun 
et al28 (4/5 or 80%). Among our proven phase 3 successes, two re-
lapses occurred in the six treated with ITI alone, but no relapse in the 
five treated with IS. However, the numbers are too small to make a 
statement on the relative outcome merit of IS. Some of our relapses 
occurred as the FVIII dosage was rapidly decreased or infusions 
were interrupted, suggesting that rapid reduction in ITI dose or non-
adherence with regular infusions represented risk for relapse. The 
guidelines from the United Kingdom emphasized that FVIII tapering 

should be attempted in patients with poor ITI prognostic risk until 
the FVIII half-life is >7 hours, and dose reduction should then be 
undertaken cautiously.10

The cost of our low-dose ITI regimen until phase 2 success was 
74% to 90% lower than that for high-dose ITI6,25 and confirms the 
finding in our earlier pilot economic study.30 This low-dose ITI alone 
or with IS strategy is affordable for children with HA with high-titer 
inhibitor in China with economic constraint, and by extension also in 
other regions with developing economies.

There are other limitations in the studies, in addition to the small 
number of patients having half-life studies to confirm toleration, dis-
cussed earlier. In many patients, the baseline treatment data before 
we started their ITI were acquired retrospectively from their local 
referral centers or verbally from the parents; the latter also may have 
the problem of recall bias. FVIII recovery studies were usually de-
layed after the inhibitor titer had become negative, given that these 
patients are mostly from out of town at a long distance, making the 
apparent time to achieve phase 2 success longer than real. Our sam-
ple size is limited, especially for relapse evaluation.

5  |  CONCLUSION

In conclusion, our strategy to stratify treatment with low-dose ITI-
alone and low-dose ITI-IS according to their ITI prognostic risk(s) 
was safe, with satisfactory efficacy rate in inhibitor elimination in 
children with hemophilia A with high-titer inhibitors. The efficacy 
was particularly good for those with historic peak inhibitor titer 
<100 BU. Compared to the expenditure for high-dose ITI, our cost 

TA B L E  3 Cost of different ITI protocols (per kilogram of body weight) from ITI initiation to phase 2 success (inhibitor titer <0.6 BU, FVIII 
recovery ≥66% expected)

Low-dose ITI alone
Low-dose ITI-IS 
(rituximab)

High-dose ITI6 (pdFVIII/
VWF)

High-dose ITI6 
(rFVIII)

ITI regimen (FVIII IU/kg) 50/QOD 50/QOD 100/Q12h 100/Q12h

Median time to phase 2 success, mo 9.4 13.6 6.9 6.9

Cost of FVIII concentrate per ITI course ¥19 299.4 (US$2939.3) ¥27 922.5 (US$4252.6) ¥113 332.5 
(US$17260.5)

¥205 677.5 
(US$31 324.7)

Mean bleeds/mo 0.32 0.37 0.28 0.28

PCC dose (IU/kg) × n doses per bleed 50.0 × 2 doses 50.0 × 2 doses 85.0 × 2 doses25 85.0 × 2 doses25

Cost of PCC per ITI course ¥300.8 (US$45.8) ¥503.2 (US$76.6) ¥328.4 (US$50.0) ¥328.4 (US$50.0)

Cost of IS per ITI course - ¥1050.0 (US$159.9) - -

Cost of IVIG (infection prophylaxis) 
during 6 months after starting 
rituximab

- ￥288.0 (US$43.9) - -

Total cost per kg per ITI course ¥19 600.2 (US$2985.1) ¥29 763.7 (US$4533.0) ¥113 660.9 
(US$17 310.6)

¥206 005.9 
(US$31 374.7)

Note: Cost calculation algorithm reference to our pilot study30 and based on median number of treatment doses (n) up until phase 2 success 
(including FVIII, rituximab, PCC for treatment of breakthrough bleeds) × Unit or milligram(s) cost × Units per kilogram per dose. Cost calculation 
of IVIG was based on 6 months use dosage (mg/kilogram body-weight) × cost/milligram. Not included are: the cost of (i) rFVIIa (for breakthrough 
bleeds treatment) and (ii) PCC (for bleed prophylaxis) both used only in very few patients with inconsequential average cost for the groups, and (iii) 
prednisone (for IS) which is inexpensive in China with inconsequential cost.
Abbreviations: IS, immunosuppressants; ITI, immune tolerance induction; IVIG, intravenous immunoglobulin; PCC, prothrombin complex concentrate; 
pdFVIII/VWF, plasma derived FVIII/von Willebrand factor; rFVIII, recombinant FVIII.
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was lower by 90% for patients with lower ITI prognostic risk in the 
ITI-alone group and by 74% for the patients with higher ITI prognos-
tic risk in the ITI-IS group. This will be a much more affordable ITI 
regimen for China and other regions with economic constraint.
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